The polypeptide complement of enriched soybean (Glycine max IL.I Merr. cult. wells) root plasma membrane fractions was studied by twodimensional gel electrophoresis. Good resolution was obtained when polypeptides were solubilized in sodium dodecyl sulfate and when butylated hydroxytoluene was included in the vesicle isolation and solubilization media. The pattern obtained on the two-dimensional slab gel for root plasma membrane was characteristic for that membrane. Initially, technical difficulties were incurred (e.g., streaking and smearing of the spots on two-dimensional gels, and the retention of large amounts of Coomassie staining material on both origins). These were greatly reduced by including the protective agent BHT2 in the vesicle isolation and solubilization procedures.
range. An electrophoretic analysis of the protein complement of the plasma membrane, made possible by the development of isolation and solubilization procedures for the electrophoresis of plant plasma membrane vesicles, extends and complements this work and is reported here.
Initially, technical difficulties were incurred (e.g., streaking and smearing of the spots on two-dimensional gels, and the retention of large amounts of Coomassie staining material on both origins). These were greatly reduced by including the protective agent BHT2 in the vesicle isolation and solubilization procedures.
A two-dimensional electrophoretic comparison of plasma membrane proteins from two developmentally distinct tissues, the meristematic root tip and the mature region tissue, suggests that each membrane type is identifiable on the basis of its characteristic electrophoretic pattern. The results must be considered preliminary, however, until remaining questions of membrane purity can be resolved.
MATERIALS AND METHODS
The polypeptide composition ofthe plasma membrane has been widely studied in animals and lower organisms. Electrophoretic analyses of protein solubilized from isolated membranes have shown variation in the polypeptide turnover rates (16, 25) , variation in complements from organ to organ (20) , and changes with developmental age (22) . In contrast, very little information is available on the electrophoretic characteristics of plant plasma membrane proteins (7, 9, 26) .
A major difficulty in studying plasma membrane proteins from higher plants has been the inability to prepare membrane vesicles in a relatively pure state. Purity levels for plasma membrane preparations typically range from 60 to 80% (11, 19) . Contami (24) or onto a complex discontinuous sucrose density gradient consisting of 10 ml 45% sucrose, 6.8 ml 34% sucrose, and 6.4 ml each of 30, 25, and 20%1o sucrose (11, 14) . All sucrose solutions were 1 mm in Tris/ Hepes (pH 7.2), 1 mm in EDTA, 1 mm in DTT, and 10 ,ug/ml in BHT. The gradients were centrifuged for 135 min at 80,000g (Spinco SW 27 rotor). Vesicles were removed from the gradient interfaces with a Pasteur pipette, washed in 10 mm Tris buffer (pH 7.0), 1 mM EDTA, 1 mM DTT, 100 ,ug/ml BHT, and 200 mm KCI or NaCl, and pelleted for 30 min at 100,OOOg (Spinco T-65 rotor). This salt buffer wash, by eliminating the peripheral membrane proteins and any adhering cytoplasmic contaminants, reduced smearing and streaking significantly and eliminated much of the variability in faintly stained spots on the gels. The resulting pellet was used for solubilization.
Preparation of Mitochondria. Mitochondria were isolated by a modification of the procedure of Bonner (6) . The pellet from the first centrifugation (15,000g) was resuspended in GM and centrifuged for 15 min at 1,000g. The resulting supernatant was centrifuged for 15 min at 10,000g. The pellet was resuspended in fresh GM and centrifuged for 15 min at 6,000g. The supernatant was discarded. The pellet was resuspended in resuspension buffer and layered on a simplified 34 to 45% discontinuous sucrose density gradient, and the gradient was centrifuged for 135 min at 80,000g (Spinco SW 27 rotor). Mitochondria were removed from the interface with a Pasteur pipette, washed with the same wash buffer as the plasma membrane vesicles, and pelleted for 30 min at 100,000g (T-65 rotor). This centrifugation scheme greatly reduced plasma membrane contamination in the mitochondria, so that tfte two-dimensional gels could be compared to determine the purity of the preparations.
Solubilization of Membrane Preparations. The membrane pellet was stirred with a glass rod in 25 to 100 ,ul solubilization buffer until no particles of membrane material remained visible. The solubilization buffer was 2% SDS, 0.375 M Tris (pH 8.9), 1 mm EDTA, 1 mm DTT, and 10 fig/ml BHT. The cloudy preparation was transferred to a thick-walled polyallomer tube, sealed with Parafilm to prevent evaporation of the small volume and held in boiling water for 2 min. Membrane residue was removed by centrifugation for 30 min at 100,OOOg (Spinco SW 60 rotor). The clear supernatant, containing the solubilized proteins, was removed to another tube preparatory to isoelectric focusing.
IEF. The basic procedure was a combination of the methods of O'Farrell (21) and Ames and Nikaido (1), with some modifications. Preliminary experiments revealed a large number of bands in the acid region of the focusing gel, so the per cent composition of ampholyte was chosen to expand the acid region ( Fig. 1) . IEF tube gels (3 mm x 110 mm) were poured according to the following protocol and overlayered with 8 M urea. Usually 8 to 10 gels were cast. The 15-mi final volume of gel solution consisted of 8.25 g urea, 2.0 ml 30% acrylamide monomer-bis stock (30:0.8), 3.0 ml 10% Nonidet P-40 detergent solution, 2.95 ml deionized H20, 0.45 ml ampholytes (pH range 3 to 10; Bio-Rad 40% solution), 0.3 ml ampholytes (pH range 4 to 6; Bio-Rad 40% solution), 10.5 ,ul N,N,N',N'-tetramethylethylenediamine, and 50 ,ul l1o0 ammonium persulfate made fresh daily. The solution was thoroughly degassed in a 125-ml vacuum flask, and the ammonium persulfate was added just before the gels were poured. After polymerization, the surfaces of the gels were rinsed with deionized H20. The gels were not prerun. To an aliquot of SDS-solubilized membrane protein was added a double volume of dilution buffer (1) (0.285 g urea dissolved in 0.4 ml 10% Nonidet P-40 plus 25 mamp. When the dye front had migrated to within I cm of the bottom edge of the gel, the gels were immediately removed from the slab plates and fixed overnight in 500 ml of a solution of 25% isopropanol-10% acetic acid. They were then stained and destained according to Fairbanks et al. (8) , skipping the optional step. To speed the process, the times of staining were shortened (1). After complete destaining with several changes of 10%1o acetic acid, the slab gels were dried onto Whatman 3MM chromatography paper for examination.
Protein Determination. (17) reported that BHT inhibited autoxidation of mitochondrial membrane lipids, thus lowering production of malonaldehyde, a species very active in cross-linking membrane proteins and/or lipids. Although inclusion of BHT in the isolation and solubilization solutions greatly improved resolution, the protein complement pattern was still somewhat obscured, primarily in the neutral, high mol wt quadrant of the gel (see Fig. 2a ). The remaining background may be due to crosslinking of membrane protein subunits via, for example, the Eamino group on lysine, as reported by Birckbichler et al. (5) for animal cell-membrane protein.
The various membrane preparations differed in the amount of heavy background staining in the neutral, high mol wt quadrant of the gel (compare Figs. 2 and 3) . The meristematic-region plasma membrane preparations, the mitochondria, and the lighter complex gradient fractions all showed much less background staining in this region than the mature-region plasma membrane preparations. The amount of membrane residue (pellet remaining after solubilization and centrifugation) was usually less in the meristematic than in the mature-region preparations.
Interpretation of Electrophoretograms. When electrophoretogram tracings of membrane preparations of a given type were compared from one isolation to the next, corresponding spots generally did not match exactly. Stretching and compression of the first-dimension tube gel as it was laid in the trough of the second dimension slab gel contributed to this. Some distortion may have occurred also during drying of the slab gel.
When larger amounts of protein were electrophoresed, the streaking and smearing in quadrant D increased in intensity and obscured a larger area of the gel. When smaller amounts of protein were applied, the heavy background was reduced but many of the faintly stained spots were lost. Thus, it was necessary to apply an amount of protein adequate to visualize as many spots as possible, without creating heavy background staining in quadrant D. In addition, it was difficult to resolve the same amount of protein on any set of slab gels since a certain fraction of the protein applied to the gels remained at the origin of each dimension.
With these factors in mind, the criteria used to compare the gels for correspondence of spots were distance from a nearby heavily stained spot and position on the gel in relation to that spot. Also compared were the relative intensities of corresponding spots.
Comparison of Meristematic and Mature Region Polypeptides. Figures 2a and 3a show the basic plasma membrane polypeptide pattern for mature and meristematic root tissue. The tracings (Figs. 2b and 3b ) aid in interpretation of the gel photographs.
Repeated analyses produced the same basic pattern, with only slight variation, depending on the amount of protein applied and the amount retained on the origin. Most spots probably represent different polypeptides, although that may not always be the case.
For example, several polypeptides appeared in closely aligned rows of multiple spots (see polypeptides enclosed by horizontal brackets in quadrant D, Figs. 2b and 3b) . These may be an example of a single polypeptide chemically modified in vivo or in vitro to cause focusing at more than one pI, without affecting the mol wt. Anderson and Anderson (2) reported that in vivo sialic acid glycosylation of human blood plasma proteins resulted in similar sets of spots on a two-dimensional gel.
To determine whether the plasma membrane of cells in a given stage of development could be characterized by a specific complement of polypeptides and to investigate any differences between the complements depending on cell age, plasma membrane polypeptides were compared from root sections representing primarily meristematic or mature tissue. The implications of comparing plasma membrane vesicles from these tissues have been discussed (23, 24 membrane vesicles of mature and meristematic root tissue revealed significant and characteristic differences in the total number of polypeptides resolved from the two preparations (Figures 2 and  3) . About 97 polypeptides were resolved in the mature preparation, compared with about 121 in the meristematic preparation. Polypeptides are organized by gel quadrant in Table I Comparison with Mitochondria. Mitochondrial membrane is a probable contaminant in plasma membrane preparations because its buoyant density is similar to that of plasma membrane (11) . The initial low speed centrifugation during the plasma membrane purification process (15000g) removes most mitochondria from the subcellular preparation. Broken and occasional intact mitochondria may occur in the final plasma membrane preparation. The relative abundance of mitochondrial contamination in the plasma membrane fractions was analyzed by comparing the twodimensional electrophoretogram of solubilized mitochondrial polypeptides with the plasma membrane gels (Fig. 4 14) first reported the use of a complex discontinuous sucrose density gradient for isolation of plasma membrane vesicles from oat root. In addition to plasma membrane, other fractions were recovered, representing enriched preparations of tonoplast, ER, and Golgi vesicles. Marker enzyme analyses indicated peak activities associated with specific densities on the gradient, but significant overlap across the gradient suggested that peak activities represented only enriched regions. Similar results were reported for corn root membrane fractions (13) . Here, analogous density gradient fractions from whole roots using the two-dimensional gel system were compared to determine how their polypeptide complements resembled that of the plasma membrane. Figures 5 to 7 are electrophoretograms representing polypeptide complements prepared from vesicles removed from gradient interfaces at 20 to 25%, 25 to 30% and 30 to 34% sucrose. The polypeptide complement of the 20 to 25% interface fraction contained significantly fewer spots than the other two. fractions (Fig. 5) . However, most of the major spots present corresponded with similar spots of both meristematic and mature plasma membrane fractions (cf. Figs. 2  and 3 ). The similarities between the complex gradient fractions and the enriched plasma membrane fractions became more pronounced as gradient density increased. That was not unexpected, however, since Hodges et al. (11) reported plasma membrane marker enzyme activity (pH 6, K+-stimulated ATPase) distributed broadly across the gradient, with peak activity at higher density interfaces. Thus, the assessment that the fractions recovered from the lower density regions of the complex gradient represent fractions enriched for the various membrane types is quite reasonable. It appears that a major contaminant in those fractions was plasma membrane.
The dynamics of cell development suggest that there should be some correspondence between electrophoretograms of even highly purified membranes. Intermediates in the pathway of synthesis of plasma membrane may include nuclear, ER, and dictyosome components of the endomembrane system (18) . This phenomenon may account for some of the correspondence of polypeptides on the complex gradient gels with plasma membrane gels. There are also characteristic differences between the density gradient interface electrophoretograms and plasma membrane electrophoreto-
